A methodological procedure to estimate the environmental risk of dredging operations in aquatic systems has been developed. Environmental risk estimations are based on numerical models results, which provide an appropriated spatio-temporal framework analysis to guarantee an effective decision-making process. The methodological procedure has been applied on a real dredging operation in the port of Marin (NW Spain). Results from Marin harbour confirmed the suitability of the developed methodology and the conceptual approaches as a comprehensive and practical management tool.
Introduction
Environmental effects on the aquatic environment are mainly due to human activities (EEA, 2006) . The implementation of evaluation procedures allows discriminating the origins and effects of different hazards, with the aim to promote an appropriate management (Hope, 2006; Landis, 2003) . In that sense, the Environmental Risk Assessment (ERA) associated to dredging processes should allow the evaluation of potential impacts of dredging operations on the environment.
The risk assessment is based on three steps: (i) the identification of hazards, (ii) the risk estimation and evaluation and (iii) the decision making process on an appropriate course of action, in order to manage these risks in a cost-effective manner (Micallef et al., 2001 ). The first step allows producing a comprehensive list of all the hazards and their characteristics. In the case of dredging processes, hazards should be related to ecological effects on pelagic and benthic communities, predators and human health, following the SPRC conceptual model (Source-Pathway-Receptor-Consequences). Risk estimation (R) involves the description of these ecological effects, in terms of their nature and magnitude, by the assessment of the derived consequences from hazard occurrence (C) and the vulnerability of the environment (V ) (Labodová, 2004; Salvi and Debray, 2006) .
Using numerical model results to estimate the environmental risk would allow interpreting, simulating and predicting responses of aquatic systems to different environmental conditions and dredging characteristics (hydrodynamic currents, type of dredgers, pollutants, etc.) . Consequently, these results would be an essential source of information for a successful management of a dredged area.
The aim of the present study is to develop a methodological procedure to assess the environmental risk of dredging in aquatic systems. This methodology is applied to a real dredging operation.
Environmental Risk Assessment of dredging processes
Environmental Risk Assessment due to dredging operations is considered as combination of two components: vulnerability and consequences. The selection of parameters to estimate each component and definition of a formula to integrate them are set up to assess the environmental risk of any dredging process. The study area is divided into regular square cells where each parameter is estimated. The cell dimension is a function of the size of the study area, and its resolution depends on the desired detail level (Fig. 1) .
Vulnerability is defined as the characteristic of a system that describes its potential to be harmed (Birkmann, 2007) . Thus, vulnerability is expressed in terms of functional relations between the environment susceptibility against a disturbance and the state of conservation related to the value of the receptors at risk (Kaly et al., 1999) . Susceptibility is associated to the flushing capacity of aquatic systems (cleaning capacity). While, the state of conservation of physical, biological and chemical processes and elements of the environment is defined as a combination of: naturalness and ecological value (Gómez, 2010) (Table 1) . In order to recognize the importance of each parameter and define their integration, a sensitivity analysis was performed through a participatory process with 16 experts (Eq. 1) (Gómez et al., 2012) .
Consequences are defined as the impacts on environment (damage/improvement) that may result from a hazard. Then, consequences on aquatic systems generated by dredging operations are expressed in terms of ecological effects produced by main physical changes: light attenuation (resuspension), burial/covering (sedimentation) and chemical pollution (increased concentration of chemicals) (PIANC, 1997; IH Cantabria, 2013) (Table 1) . Consequences assessment is obtained from the integration of different ecological effect estimations using the worst case method (the maximum value obtained). Chemical pollution is computed as the maximum value obtained for any effect (acute, chronic), at any receptor (pelagic community, benthic community, predators and human) by any considered priority substance (Eq. 1).
The environmental risk at each cell is classified according the following four categories: Low (R ij ≤ 1), Moderate (1 < R ij < 4), High (4 ≤ R ij < 10) and, Very High (R ij ≥ 10), obtaining a spatial variation of environmental risk against a dredging process.
Application to Port of Marin
The environmental risk assessment methodology was applied to a real dredging operation carried out in the Port of Marin, a harbour located in Southern shore of the Ria of Pontevedra (NW Spain) (Fig. 2) . The mesh grid consisted of 122 × 102 square cells with a cell dimension of 25 m. To assess the corresponding environmental risk, each indicator was calculated in every cell. The hydrodynamic forcing conditions (three dimensional currents, salinity and temperature fields and water levels) were estimated using numerical models. The settling thickness layer, the evolution of suspended solids and the concentration of priority substances were computed with the IH Dredge model. The reader is refereed to Garcia Alba et al. (2013) for a detailed description of the IH Dredge model, the hydrodynamic calibration, the dredging characteristics and results. To assess susceptibility the recovery time (RT) was computed. The RT ranged from less than 1 day to values over 1000 days. As expected, RT provided a marked spatial variation. Higher values (> 1 day, moderate, high and very high susceptibility) were located at confined areas where the water volume is sheltered by port infrastructures from the hydrodynamic currents. Lower values (< 1 day, low susceptibility) were found in natural waters, far away from port infrastructures or natural geographical features. Buffer areas of 84 hydromorphological pressures (HPs), identified by aerial photographies, were computed to assess naturalness. HPs were Ecological singular elements (ESE ij ), by recognizing: local, regional, national and international protected areas (Gómez, 2010; Gómez et al., 2012) .
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over bottom during the dredging process using numerical models (García Alba et al., 2014) . mainly located around the harbour area, resulting of low naturalness. Finally, there were identified some protected sites corresponding to bathing waters, sensitive areas, and shellfishing areas, providing a very high ecological value for all cells.
The effects on light attenuation and covering, due to the increasing of suspended solids concentration and sedimentation, were mainly located in small areas inside the dredging area, showing moderate effects. Chemical pollution presented an extensive area of moderate risk, due to chronic effects on the pelagic community with HQ values between 1 and 30.
Finally, spatial environmental risk assessment provided a moderate risk for the entire study area with the exception of internal harbour areas presenting high risk (Fig. 3) . From these results it is seen that confined areas presented affection by chemical pollution and, in addition, their susceptibility was low due to insufficient flushing capacity. In that sense, the use of preventive measures (turbidity curtains) during dredging operation would reduce the dispersion of suspended solids and chemicals. This fact would considerably decrease the value of environmental risk in the inner areas of the harbour.
Conclusions
Bearing in mind the goal of this paper, we can conclude that the methodological procedure to estimate environmental risk for dredging processes constitutes an advanced, precise and detailed procedure, being suitable for the management of this type of activities. The use of numerical models allows to consider various scenarios and to obtain spatial and temporal patterns of different indicators. This methodology provides information both on ecological effects and environment characteristics, essential data for a cost-benefit management. The methodology has been applied to a real dredging operation developed at the Port of Marin (Spain), confirming the usefulness of this coherent tool.
Appendix A

Indicators calculation
All indicator calculations are carried out on the study area through a mesh grid of square regular cells. Recovery time, average suspended solids concentration, settling layer thickness, acute and chronic effects of chemical pollution are computed using numerical models. Alteration of hydromorphological pressures and ecological singular elements are obtained using Geographical Information Systems (GIS). All results are integrated (Eq. 1) at a cell level to estimate spa- tially the environmental risk in the whole domain. Following, there are required details on the calculation process of some of these indicators.
Recovery time (RT): RT is defined as the time needed to completely flush the water volume of a cell. RT is calculated with regard to a hypothetical tracer experiment by means of depth average numerical models (2-D). A tracer concentration is released inside a cell, being zero elsewhere. The concentration of the tracer in the cell decreases as advection and dispersion act. RT is computed as the time required to reduce the concentration in the cell to a 0.1 %, considering annual average hydrodynamic forcings Gómez, 2010) .
Alteration by hydromorphological pressures (HP): naturalness is calculated obtaining buffer areas around each HP using buffer tools in GIS. Buffer distance of a HP is:
where k equals 1 if the HP is continuous (dike, wharf), k equals 0.5 if the HP is discontinuous (bridge, jetty); L is the length of the pressure; and CV is the critical value, defined as the length at the HP that is considered significant. CV equals 50m for channeling dikes, detached breakwaters, breakwaters; 100 m for canalizations, main breakwater, piers, quays, wharfs, jetties, margin protection, and; 150 m for shoreline structures (wall, pre-formed concrete blocks, sheet piles) (Ministerial Order ARM/2656 /2008 . Buffer areas of
